Background/Aims: Congenital scoliosis (CS) is a result of anomalous development of vertebrae and is frequently associated with somitogenesis malformation. Although noncoding RNAs (ncRNAs) have been recently determined to be involved in the pathogenesis of CS, the competing endogenous RNA (ceRNA) regulatory networks in CS remain largely unknown. Methods: Sequencing was conducted to explore the ncRNA expression profiles in rat embryos (gestation day 9) following vitamin A deficiency (VAD) (n = 9 for the vitamin A deficiencyinduced congenital scoliosis (VAD-CS) group and n = 4 for the control group). Real-time reverse transcriptase polymerase chain reaction (RT-PCR) was conducted to verify the expression levels of selected mRNAs, long noncoding RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs). Bioinformatics analysis was used to discover the possible relationships and functions of the ceRNAs. Results: A total of 749 mRNAs, 56 miRNAs, 685 lncRNAs, and 70 circRNAs were identified to have significantly different expression levels in the two groups. Wnt, PI3K-ATK, FoxO, EGFR, and mTOR were found to be the most significant pathways involved in VAD-CS pathogenesis. The circRNA/miRNA/mRNA and lncRNA/miRNA/mRNA networks of CS were built, and the gene expression mechanisms regulated by ncRNAs were unveiled via the ceRNA regulatory networks. Conclusion: We comprehensively identified ceRNA regulatory networks of embryonic somite development in VAD-CS as well as revealed the contribution of different ncRNA expression profiles. Our data demonstrate the association between mRNAs and ncRNAs in the pathogenic mechanism of CS.
Identification of Competing Endogenous

Introduction
Congenital scoliosis (CS) is a type of segmental or mixed vertebral malformation that manifests as beyond 10 degrees of lateral curvature of the spine, which is caused by defects in vertebral formation during embryogenesis and is characterized by a longitudinal and rotational imbalance [1] [2] [3] [4] [5] . CS has an estimated prevalence of approximately 0.5-1‰ of live births [4, 6] . However, the etiology and molecular mechanisms of CS remain unclear and multifactorial, including both genetic and environmental factors.
Previous evidence has identified that, in mouse embryos, disturbance of the retinoic acid pathway might damage the left-right bilateral symmetry, since the retinoic acid pathway controls the segmental structure of the vertebrate body plan in embryogenesis and is important in segmentation clock development [7] [8] [9] . Recently, it has been reported that CS, which is caused by vitamin A deficiency (VAD) during pregnancy, in postnatal rats may be induced by a retinoic acid pathway abnormality in somitogenesis [10] .
Noncoding RNAs (ncRNAs) represent a class of RNAs that are defined as nonproteinencoding transcripts that functionally regulate protein expression. The ncRNAs include microRNAs (miRNAs) (shorter than 200 nucleotides), long ncRNAs (lncRNAs, longer than 200 nucleotides), and circular RNAs (circRNA, closed loop structure) [11] .
The activities of intracellular lncRNAs or circRNAs plus competing endogenous RNAs (ceRNAs) might function as miRNA sponges, which will inhibit miRNAs by promoting binding with miRNA recognition elements and powerfully inhibiting miRNA activity, thus causing increased levels of miRNA target genes [12] .
To the best of our knowledge, the ceRNA regulatory networks in CS and the fundamental mechanisms have not been thoroughly investigated. In this study, we predicted and investigated embryonic ceRNAs in VAD-induced CS (VAD-CS) by RNA sequencing. In addition, comprehensive prediction and investigation of the ceRNA mechanisms during the somitogenesis of CS were performed to offer novel diagnostic and therapeutic strategies against CS.
Materials and Methods
Animals
Twenty female Sprague Dawley rats (20 weeks old, body weight of 200-230 g) were obtained from the Laboratory Animal Center of Army General Hospital and SPF Biotechnology Co., Ltd. (Protocol No. SYXK 2014-0037, Beijing, China) and randomly allocated to standard cages, with five rats in each cage. The institutional animal welfare committee approved all of the animal procedures, which were in line with the national and international animal care and ethics guidelines. All rats were housed at room temperature (21-23 °C) with a 60-70% relative humidity and 12-h light/dark cycle, and had free access to standard laboratory water and diet.
CS model establishment
The rat CS model induced by VAD was established as described previously [10] . In brief, 20 female rats were allocated randomly into the VAD-CS group (n = 12) and the control group (n = 8). After 1 week of adaptation, rats in the VAD-CS group received a modified diet of AIN-93G deprived of any vitamin A source (Research Diets, USA); rats in the control group received an AIN-93G diet with adequate vitamin A (4 retinol equivalents (RE)/g diet), for more than 2 weeks. VAD (less than 2 mg of vitamin A/100 mL, 0.74 μM) was confirmed by analyzing the plasma levels using high-performance liquid chromatograpHhy in a random sample, as described previously [10, 13] . Next, the female rats receiving the designated diet described above were mated with normal male rats at 6-10 pm. During gestation, the female rats continuously received the same diet as mentioned above [14] . 
Tissue collection
On gestation day (GD) 9, nine VAD-CS group rats and five control group rats were detected to be pregnant. A total of 79 embryos from the VAD-CS group and 43 embryos from the control group were collected. Nine embryos from the VAD-CS group and four embryos from the control group were sequenced.
RNA isolation, library construction, and sequencing RNA was purified from the embryos collected above by TRIzol, according to the manufacturer's methods. An RNA Nano 6000 Assay Kit and Bioanalyzer 2100 system (Agilent Technologies, CA, USA) were applied to assess the RNA integrity. A Ribo-Zero Gold rRNA Removal Kit (Human/Mouse/Rat) (Epicenter Company, USA) was used to remove the ribosomal RNAs. Duplicate samples of RNA from the same embryo were subjected to RNase R (Cat. No. RNR07250, Epicentre Company, USA) or not. RNase R was used to digest the linear RNA to separate the circRNAs. Then, reverse transcriptase was further added to the two samples of RNAs with or without RNase R for cDNA construction. The RNAs treated with RNase were subjected to circRNA detection, while the RNAs without RNase R treatment were used to detect mRNAs and lncRNAs. Both of the cDNA libraries were sequenced by Illumina XTEN, paired-end 150 bp.
Meanwhile, the NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB, USA) was used to generate the sequencing libraries. The miRNA libraries were sequenced by BGISEQ-500, single-end 50 nt.
Transcriptome assembly
First, the RNA sequencing library quality was evaluated by FastQC (v0.11.5), and then the low-quality reads were removed using cutadapt. The clean RNA sequencing reads were aligned to the reference genome of rats, downloaded from UCSC, using Tophat (v2.1.0). Then, the transcriptome was re-assembled by Cufflinks (v2.2.1), the rat reference annotations from GENCODE. Next, Cuffmerge was used to merge the meta-assemblies from all samples to build the final transcriptome.
Expression analysis
Gene expression (mRNA and lncRNA) was estimated with normalized fragments per kilobase per million mapped reads by cufflinks. Differential gene expression analysis was performed using cuffdiff with default parameters. Differentially expressed (DE) genes with a fold change > 2 and a p-value < 0.05 were considered for additional investigation. For miRNA abundance analysis, miRDeep2 was used to estimate the miRNA abundance, and different levels of miRNA expression were analyzed by DESeq2 (R software package). For circRNA abundance analysis, we used the normalized reads count as the abundance. DE circRNAs were estimated by DESeq2 (R software package).
Target gene prediction and function enrichment analysis
MiRNA target genes were predicted by the overlapping results of TargetScan and miRanda, and the network was based on the target prediction.
Annotation of gene ontology (GO) and analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways
Annotation of GO and analysis of KEGG signaling pathways were performed to explore the functions of all of the DE genes. In brief, for the DE genes, GO analysis (http://www.geneontology.org) was used to clarify the interesting genetic regulatory networks by creating hierarchical categories based on the molecular function (MF), cellular component (CC), and biological process (BP) features. In addition, pathway analysis was conducted to discover the important pathways based on the KEGG (http://www.genome.jp/kegg/).
Analysis of the ceRNA regulatory network
We modified a published method to construct a co-expression network of DE genes. For each gene pair (between mRNAs and lncRNAs, between mRNAs and circRNAs), the Pearson correlation coefficient and the corresponding P-value by the R software package (WGCNA) were calculated. In advance, we analyzed the mRNA-miRNA-ceRNA (lncRNA, circRNA) regulatory network, which was based on the overlapping miRNA target between the mRNAs and ceRNAs.
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Real-time reverse transcriptase polymerase chain reaction (RT-PCR)
The relative mRNA expression levels of retinaldehyde dehydrogenase (RALDH) 1, 2, and 3, as well as retinoic acid receptor (RAR)-α, β, and γ were evaluated by RT-PCR using an iQ5 RT-PCR detection machine (BioRad, Hercules, CA, USA) for the remaining three rats of each group to validate the CS model. Following the manufacturer's instructions, the All-in-one first-strand cDNA synthesis kit (Genecopoeia) was used to synthesize the first-strand cDNA, which was further amplified in triplicate using the IQ SYBR green SuperMix reagent (Bio-Rad, Hercules, CA, USA) with an Opticon RT-PCR instrument (MJ Research, Waltham, MA, USA). RT-PCR specificity was verified according to the melting-curve assay and routine agarose gel electrophoresis. The primer sequences used are shown in Table 1 . The ΔΔCt method was applied to calculate the mRNA amount, and the relative mRNA amount was quantified as 2 −ΔΔCt . The expression levels of lncRNAs and circRNAs were calculated as described for mRNAs. GAPDH was used as a loading control. The expression of miRNA in each sample was normalized to that of U6.
Statistical methods
All results are represented as means ± standard error of the mean. RT-PCR data were analyzed by one-way analysis of variance (ANOVA), then Tukey's multiple comparison test. Statistical significance was accepted when P < 0.05.
Results
CS model identification
To determine the ceRNA regulatory networks in CS rats, the VAD-induced CS model was established with Sprague Dawley rats. There were significant reductions in the mRNA expression levels of RAR-γ and RALDH2 of rat embryos in the VAD-CS group versus those in the control group (P < 0.001). Moreover, as detected by RT-PCR, the mRNA expression levels of RALDH1, 3 and RAR-α, -β in rat embryos of the VAD-CS group were notably less than those of the control group (P < 0.05) (Fig. 1) . 
DE mRNAs and ncRNAs
To investigate whether ncRNAs participate in the pathogenesis of CS, the GD 9 rat embryos were examined using the sequencing technique. The DE mRNAs and ncRNAs were analyzed by RNA sequencing significance analysis using Cuffdiff software and the criteria of q < 0.05. Fig. 2 shows the clustering heatmap of DE mRNAs, miRNAs, lncRNAs, and circRNAs, respectively.
There were a total of 194 upregulated and 555 downregulated mRNAs in the GD 9 rat embryos of the VAD-CS group versus the control group, respectively. In addition, there were 685 DE lncRNAs, including 185 upregulated and 500 downregulated lncRNAs; 70 DE circRNAs, including 35 upregulated and 35 downregulated circRNAs; and 56 DE miRNAs, including 53 upregulated and 3 downregulated miRNAs, in the GD 9 rat embryos of the VAD-CS group versus the control group.
The histograms summarizing the DE lncRNAs, circRNAs, miRNAs, and mRNAs are shown in Fig. 3 . The expression of target genes (mRNAs) was regulated by lncRNAs via coregulation or colocalization. The DE mRNAs may be further indirectly or directly regulated by lncRNAs if the target genes of the lncRNAs are the same as the DE mRNAs. As shown in Fig. 3B , the Venn diagram represents the intersectional analysis between the target mRNAs of the coexpression or colocalization with lncRNAs and DE mRNAs. To acquire evidence whether DE miRNAs and DE circRNAs might reveal modified matching DE mRNAs, the intersection of DE mRNAs with DE circRNAs (Fig. 3C ) or DE miRNAs (Fig. 3D) was selected. 
Confirmation of ncRNA and mRNA expression by real-time PCR
To confirm the dependability of the outcomes by sequencing and to offer a foundation for advanced investigation, the expression variations of selected mRNAs and ncRNAs in GD 9 embryos were studied. mRNAs (Cyp4f18 and Foxo4), miRNAs (rno-miR-466c-3p and rno-miR-187-5p), lncRNAs (NONRATG024332.1 and NONRATG027649.1), and circRNAs (chr15_23792823_23793342_+ and chr5_50556456_51183813_-) were analyzed by realtime PCR (Fig. 4A) . Fig. 4B represents the ncRNA and mRNA expression levels detected by sequencing. All the confirmed mRNAs and ncRNAs were in line with the data acquired by the second generation sequencing.
DE ncRNA functional prediction in VAD-CS rats
To further study the gene functions of ncRNAs in VAD-CS rats, genes with an absolute correlation value >0.99 were selected and used to predict the function of ncRNAs by GO and KEGG pathway analyses. The nearby protein-coding genes might be regulated by lncRNAs.
The colocalization threshold was set as 100 kb downstream and upstream of the lncRNAs, and the key functions of DE lncRNAs were forecasted by enrichment analysis.
GO is the classic cataloging system of gene function [15] . Directed acyclic graphs (DAGs) graphically exhibit GO enrichment analysis outcomes for the DE genes. The branch symbolizes the inclusion association, which describes the range from progressively small from the top to the bottom. The top 10 outcomes of GO enrichment analysis were chosen to be the DAG master node and were shown with the GO term, including the association. The color depth denotes the degree of enrichment. The DAGs of CC, BP, and MF as well as the GO The GO analysis of DE mRNAs showed that the most meaningfully enriched BPs were ion homeostasis and programmed cell death involved in cell development; the most remarkably enriched CCs were the integral component of the plasma membrane and synapse; and the most considerably enriched MFs were allowing the transfer of organic hydroxy compounds from one side of a membrane to the other side and hemoglobin binding (Fig. 5A) . The targeted gene GO analysis for DE miRNAs showed that the most meaningfully enriched BPs were cell proliferation, negative regulation of signaling, and nucleobase-containing compound (Fig. 5B) . The GO analysis for the co-expressed and colocalized genes of DE lncRNAs showed that the most significantly enriched BPs were the evolution process, localization, and development of multicellular organisms; the most significantly enriched CCs were focal adhesion, cell substracte adherens junction, and extracellular matrix; and the most significantly enriched MF were structural constituent of ribosome and CCR7 chemokine receptor binding (Fig. 5C ). According to the GO analysis for the intersection of DE circRNA-and DE miRNA-targeted genes with predicted mRNAs, the most noteworthy enriched BP was endodermal cell differentiation; the most significantly enriched CCs were the endomembrane system and the cytoplasmic part; and the most significantly enriched MF was beta-2 adrenergic receptor binding (Fig. 5D) . The most noticeable gene function classification will be the focus of an upcoming investigation. Diverse genes work together to achieve their biological functions in vivo. The significant enrichment pathway could be used to determine the key signaling and biochemical pathways associated with the selected target genes.
KEGG is a primary public pathway database. Based on the entire genome sequence information, KEGG can determine the most noteworthy enrichment pathway in the selected target genes by adopting the KEGG pathway as a unit and applying the hypergeometric test [16, 17] . The graphic exhibition of KEGG enrichment analysis represents the augmented scatter diagram of the selected target genes. In this graph, the enriched degree of KEGG is evaluated using the Rich factor, gene numbers, and Q-value. The enrichment will be more significant with a greater Rich factor, a Q-value closer to zero, and a greater gene number. The top 10 pathways are shown in Fig. 6 . The most notably associated pathways in CS pathogenesis were Wnt, PI3K-ATK, FoxO, EGFR, and mTOR when the target mRNAs were predicted using KEGG analysis based on the DE miRNAs. These results were the same as the enriched pathways examined with expected genes during CS pathogenesis (Fig. 6) . The key signaling and biochemical pathways explored by KEGG may afford a better assessment of upcoming investigation guidelines of ncRNAs.
ceRNA regulatory network
To discover the molecular mechanism of ncRNAs associated with CS pathogenesis, analysis of a regulatory network for ncRNAs and mRNAs was conducted. Our results showed that lncRNAs have wide regulatory functions and directly control the DNA structure, transcription, and RNA translation. Furthermore, lncRNAs and circRNAs can constrain target , and miRNA (as the center), the ceRNA regulation networks were constructed (Fig. 7) .
Discussion
In the current work, we found that certain mRNAs and ncRNAs were significantly regulated in embryos from rats with VAD-CS. The potential functions of DE ncRNAs were also predicted in the VAD-CS model using GO and KEGG pathway analyses. Moreover, the ceRNA regulatory networks were built. Based on these findings, we proposed that ceRNAs play a critical role in CS pathogenesis. Furthermore, sequencing analysis disclosed prospective pathogenic targets for CS.
CS is caused by irregular vertebrae growth, including unsuccessful formation and segmentation through embryogenesis, and is often related to other organ defects [18, 19] . The etiology and mechanism of CS remain unknown.
Retinoic acid, the active vitamin A, plays vital roles in numerous physiological processes, such as chondrogenesis, osteochondral development, and cell differentiation [20] [21] [22] . Including retinoic acid signaling pathways, at least four signaling pathways have been reported to regulate the segmentation clock, such as the Notch, Fgf, and Wnt pathways [7, 8, 23] .
The expression levels of RARα2 and RARβ2 are severely reduced in VAD embryos. Supplementation of retinoic acid or retinol to VAD embryos at or before the 4/5 somite stage restores the expression levels of RARα2 and RARβ2 within about 45 min and rescues normal development. RARβ2 expression requires RARα2 expression [24] . Embryogenesis needs the active form of vitamin A and retinoic acid to active the retinoid receptor during neurulation. RARγ is the most powerful mediator of retinoid signaling at this specific time of development. In addition, it has been reported that a distinct retinoid receptor pathway regulates the critical RA-required developmental events in early avian embryos [25] . In our current study, VAD suppressed the expression levels of RARs and RALDHs, which are key elements of retinoic acid signaling in VAD-CS rat embryos.
ncRNA dysregulation is related to many illnesses, such as CS. To detect the potential ncRNAs associated with the pathogenesis of CS, in this research, we selected the embryos on GD 9 to perform transcriptome sequencing during the stage of somitogenesis [26, 27] . Meanwhile, the DE ncRNAs were further investigated, and the regulatory interaction and function between ncRNAs and mRNAs in VAD-CS were predicted.
Though we identified DE ncRNAs in rat embryos of VAD-CS and confirmed some ncRNAs, the fundamental mechanisms of ncNRAs in CS are rarely known. The GO is a key bioinformatics method to unify the illustration and product attributes of genes across all species. Terms and annotations of GO have demonstrated the designated worthy predictors of gene function and trends. KEGG pathway databases are more extensively used in present enrichment analysis, which includes the advanced order functional evidence for gene function systematic analysis.
Somitogenesis is an accurately controlled multistep process that is controlled by a molecular oscillator of the segmentation clock. This temporal periodicity is then translated into a tightly regulated spatial one, which is revealed by the expression of genes such as EGF, DLL3, and notch ligand [28] . Meanwhile, PI3K, as a PDGFR alpha downstream effector, is crucial for cell migration of the somite-derived dorsal mesenchyme, and interruption of receptor signaling in these cells results in spina bifida [29] .
Therefore, ncRNA-associated functions and related pathways in the embryos of VAD-CS rats using GO and KEGG term enrichment have been analyzed in our current study, and Wnt, PI3K-ATK, FoxO, EGFR, and mTOR were shown to be the most comprehensively involved Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry pathways in CS pathogenesis. However, the ncRNA functions forecasted by KEGG and GO analysis in CS must be extensively investigated in upcoming research. RNA with miRNA response elements may serve as ceRNAs, including pseudogenes, circRNAs, lncRNAs, and mRNAs, which function as natural miRNA sponges to inhibit miRNA functions by sharing miRNA response elements to regulate each other [30] .
The underlying mechanisms of the interaction between ncRNAs and mRNAs in CS still largely remain unknown. Therefore, ncRNA/circRNA-miRNA-mRNA of CS was constructed for the first time according to our data from second generation sequencing. These groundbreaking findings will improve our knowledge on the function of ncRNAs in the pathogenesis of CS. The ceRNA network prediction and bioinformatics analysis also provide comprehensive understanding of ncRNA functions, which may be involved in the initiation and progression of disease [31] .
It is worth stating that embryos contain diverse cell populations, such as numerous types of embryonic stem cells, somite cells, and notochord cells. The GO, KEGG, and ceRNA regulatory network analyses conducted in this work only considered the embryo as a whole. As a result, further in vitro and in vivo experiments must be conducted. The singlecell sequencing analysis with somite or notochord cells of the embryo is currently being conducted by our team. The data will complement our current findings, thus illuminating functions of ncRNAs in CS embryos more accurately.
In summary, for the first time, our present study identified the comprehensive expression profile of ncRNAs in CS and offered a groundbreaking data incorporation analysis of ceRNAs in CS. A catalog of predicted ncRNAs in CS was also provided. These abundant data prompted us to propose that ceRNAs may adjust the expression of their associated protein-coding genes and play a crucial role in CS.
Future studies should further explore these predicted ceRNAs regarding the comprehensive proteomic and relevant signaling pathways, which may eventually achieve the complete discovery of the underlying mechanisms of CS.
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